An experimental programme was intended to analyse the heat feedback from a spreading wall fire to its unburned surface, one of the two important parameters determining its spread rate. The heat flux from PMMA fires was observed to be higher than those from previous investigations as plotted with normalised flame height (X/X f ). However, very good consistency was performed with another study as a parameter 
INTRODUCTION
Upward flame spread on vertical surfaces has attracted the attention of fire safety scientists and engineers for more than 30 years because it represents a particularly hazardous scenario which can produce very rapid fire development. Research has provided an understanding of the phenomenon by identifying the controlling mechanisms through mathematical formulations which are capable of simulation fire spread behaviour. Figure 1 is a schematic diagram of a flame spreading upwards on a vertical surface. The wall is undergoing pyrolysis (burning) in the region (X p -X b ), the flame tip reaches X f and below X b is the region of burnout. Fernandez-Pello and Hirano [1] pointed out that the heat transfer from the flame to the unburned fuel is the primary controlling mechanism. Delichatsios [2] further noted that the heat flux to the surface above the end of the pyrolysis region up to the flame tip (the preheating region (X f -X p ) in Fig.1 ) and the extent of burning, i.e. the flame height in wall fires, are the two important parameters determining its flame spread rate. In this paper, the heat flux from the flame to unburned surface in the region X f -X p is considered in detail. Measurements have been made from spreading PMMA wall fires and compared with previous investigations in which a similarity has been observed for a wide range of materials. In addition, the average heat flux in the preheating region is discussed as this is used in many upward flame spread models.
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PREVIOUS EXPERIMENTAL INVESTIGATIONS
One of the earliest sets of measurements of the wall flame heat flux distribution was made by Hasemi [3, 4] who used porous, methane line burners (30cm long and 3.7 or 8.2cm wide) against the foot of a water-cooled isothermal wall, and a methane line burner (92 cm long and 7.5cm wide) against a thermally thin wall. The isothermal wall had sidewalls, but no contiguous floor, while the thin wall had a contiguous floor but no sidewalls. Total heat fluxes were determined by means of Gardon gauges. Hasemi noted that the behaviour of flames near the line burners appeared to be different from the behaviour of flames from vertical fuels. However, his data appeared to be consistent with earlier work of others [5, 6] . The heat flux data were found to lie in four distinct regions defined by the parameter ( )
(This parameter is also used to correlate the visible flame heights of gas burner line fires.) The regions are:
(1) The lower part of the solid flame ( 1 / 
Quintiere et al. [7] also took heat flux measurements during their work on flame heights with 28.5× 28.5cm burning surfaces (PMMA, rigid foam, carpet, flexible foam, aircraft panel and particle board). Heat flux meters were flush mounted on a contiguous watercooled plate which was located above the samples. Cooled side-plates were used to form a channel to preserve two-dimensionality of the boundary layer flow over the plate by preventing air entering the flame from the sides. They plotted their heat flux data in terms of X/X f and found them to be very consistent with Hasemi's data plotted in the same format [3, 4] .
Brehob et al. [8] suggested another form for the correlation of w q ′ ′ & with height based on the data reported by Quintiere et al. [7] and Kim [9] , viz. [11] 30 Delichatsios and Delichatsios [12] 25 Delichatsios and Chen [13] 25
Grant and Drysdale [14] 20 averaged value during the whole burning process Anderson et al. [15] 35 Kokkala et al. [16] 25 Qian and Saito [17] 25 Quintiere and Lee [18] 25
AVERAGED HEAT FLUX USED IN UPWARD FLAME SPREAD MODELLING
A number of upward flame spread models have been developed in which the heat flux correlations of Hasemi [3, 4] and Quintiere et al. [7] have been used. However, to simplify the problem, most of these models [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] assume that " w q & is constant over the preheating region, becoming zero at heights above X f . Saito et al. [9] took 25 kW/m 2 as the constant heat flux exposed to which mass loss rate was obtained for their steady-state model. Good consistency has been shown with their PMMA flame spread rate measurement. Mowrer and Williamson [10] chose 30 Kw/m 2 as the irradiance of the Cone Calorimeter under which material flammability properties were carried out. In addition, they chose 50 kW/m 2 to obtain the data of burning duration time. Delichatsios and co-workers [11] also adopted 30 kW/m 2 to be the fixed total flame heat flux of burning walls with flame heights shorter than 1.5 m in their Upward Fire Spread and Growth (UFSG) code, and considered radiative and convective heat transfer separately for flames higher than 1.5 m. However, 25 kW/m 2 was used in their projects concerning PE/PVC cables [12] and charring materials [13] . In addition, Grant and Drysdale [14] took the average of the heat flux measured with their cardboard tests, and suggested 20 kW/manalysing the difference of the heat feedback over vertical flat and corner walls and Quintiere and Lee [18] assessing ignitor and thickness effects on upward flame spread. Table 1 lists the representative heat flux chosen for these models. Figure 2 shows in schematic form the experimental rig designed to allow samples to be ignited along the lower edge while in a horizontal position before being rotated into the vertical position at the start of the test. The samples were cut from clear sheets of commercially available, bulk polymerised, high molecular weight PMMA, 6mm thick. They were all 70 mm wide, but four different heights (200, 300, 400 and 500 mm) were used. They were held against a 2 mm thick steel plate which not only prevented flame spreading up the back of the sample but also kept the rear face sufficiently cool to prevent distortion and slumping. The vertical edges of the samples were secured against the backing plate by two 3 mm thick mild steel strips which overlapped the samples by 5 mm on each long side: these also protected the vertical edges of the samples. A 5 mm wide slot was cut along the centreline of the backing plate to allow the pyrolysis front to be observed through the back of the sample, using the leading edge of the sub-surface bubbles as the marker. A water cooled Gardon heat flux meter, 25.4mm diameter, was mounted flush with the sample surface, with its centre 20 mm from the top end of the sample. This was used to monitor the heat flux from the flame to the unburned surface during upward flame spread, but did not interfere with the flame spread process. A mild steel plate, 3 mm thick, was held against lower end of the sample, leaving an unprotected 3 mm strip of PMMA which was ignited uniformly across width of the sample using a hand-held butane-fuelled torch. The steel plate prevented extensive heating of the region ahead of the 3 mm ignition zone and was removed after ignition had been effected and immediately before the sample was raised into the vertical position. Measurements were taken by two people: observer A at the rear of the sample recorded the pyrolysis front as it advanced by 10 mm steps while observer B recorded the flame height visually at each corresponding time. The flame height was taken as the average, as determined by eye. The rate of upward spread was sufficiently slow for it to be assumed that the flame was in a quasi-stationary state.
EXPERIMENTAL WORK

RESULTS AND DISCUSSION
The experiments were designed to provide data on the early stages of fire growth on a vertical surface. The results are relevant to combustible surfaces exposed to localised ignition sources and not for combustible linings exposed to large diffuse sources. This would require work on a larger scale. Figure 4 shows heat flux measurements (average of three tests each) 20 mm from the top edge for 200, 300, 400 and 500 mm high samples. The quantities t f and t p can be identified as the times when the flame tip and pyrolysis front reach the heat flux meter, respectively. The difference (t p -t f ) then represents the time during which the preheating region is exposed to a direct heat flux from the flame ( Figure  1 ). The heat fluxes at t f and t p for different heights of sample are identified on Figure 4 and are listed in Table 2 . Figure 4 also shows that the maximum heat flux occurs just behind the pyrolysis fronts, i.e. at the onset of steady burning. The average maximum heat flux was approximately 38 kW/m 2 . indicates when the pyrolysis fronts reached the heat flux meters.) Figure 5 shows the heat flux distribution of the spreading PMMA wall fires plotted as a function of height (X) normalised against the flame height. The data from Quintiere et al. [7] are included for comparison. It can be seen that these are lower then the measurements from this study. However, there is a significant difference between the two sets of experiments: in this study the data were obtained by measuring the heat fluxes during upward flame spread on vertical PMMA samples up to 500 mm high, while Quintiere et al. [7] made their measurements during the steady state burning of 285 mm square samples with the heat flux meters flush mounted on a water-cooled copper plate above the burning area. This will have a cooling effect on the boundary layer flow and consequently reduce the heat flux measured at the heat flux meters. Table 2 : Heat fluxes at the flame tip and the leading edge of the pyrolysis front. The right hand column gives the average value over the pre-heating region. The heat flux distribution of measurements from Quintiere et al. [7] and from the spreading PMMA flames plotted against (X/X f ).
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In Figure 6 , the heat flux distributions shown in Figure 5 are plotted in a form suggested by Brehob et al. [8] , namely, as In upward flame spread models, it is important to use as input data the best available representation of heat transfer to the preheating region. Ideally, a function such as Equation 4 should be used, but a simpler approach has been generally adopted. This has been dictated partly by the availability of data from the Cone Calorimeter which apply to a single (constant) heat flux for both the time to ignition and rate of heat release measurements. Table 1 shows the range of heat fluxes used by different investigators to obtain t ig and RHR data (and apply to their models). With the exception of Grant and Drysdale [14] , all are 25 kW/m 2 or above. However, the current data show that the heat flux varies from c. 7.8 kW/m 2 at the flame tip to c. 29.8 kW/m 2 at the leading edge of the pyrolysis zone. It would seem appropriate to use t ig and RHR data obtained in the Cone Calorimeter at an average value less than 20 kW/m 2 . The heat flux distributions derived by Hasemi [5, 6] , Quintiere et al. [7] , Brehob et al. [8] and in this study are similar enough to suggest that they may be material-independent. This offers the possibility that a single representative heat flux could be used for a range of materials, taking the average of the highest and lowest heat fluxes measured in the preheating region (Figure 1 ). This would provide a value of c. 18.8 kW/m 2 , which is much lower than the values chosen by others (Table 1) .
Further support for this conclusion is to be found in a recent paper by Tsai and Drysdale [19] . They point out that it is unreasonable to use the RHR data obtained from the Cone Calorimeter at the same heat flux at which t ig was determined. After a vertical surface has been ignited (and the source of ignition removed), the process is self-sustaining. The rate of burning of the area below the pyrolysis front is determined by heat feedback from the established flame. In reference [19] it is shown that excellent agreement is obtained between experimental data and prediction by Grant and Drysdale's model [14] when t ig at 15 kW/m 2 and the RHR with no imposed heat flux were used as input data. These data were obtained by using a non-standard procedure with the Cone Calorimeter in which the cone heater was removed immediately after ignition [19] .
CONCLUSION
Measurements of the heat feedback from upward spreading PMMA fires were carried out and compared with previous experimental correlations. Fairly good agreement was observed. An important parameter, representative heat flux within the preheating region of upward flame spread used in many wall fire models, was discussed. A lower value than commonly accepted ones was suggested.
